Abstract To explore the factors controlling metabolite formation under aeration in Lactococcus lactis, metabolic patterns, enzymatic activities, and transcriptional profiles of genes involved in the aerobic pathway for acetate anabolism were compared between a parental L. lactis strain and its NADH-oxidase-overproducer derivative. Deregulated catabolite repression mutans in the ccpA or pstH genes, encoding CcpA or its co-activator HPr, respectively, were compared with a parental strain, as well. Although the NADH-oxidase activity was derepressed in ccpA, but not in the pstH background, a mixed fermentation was displayed by either mutant, with a higher acetate production in the pstH variant. Moreover, transcription of genes encoding phosphotransacetylase and acetate kinase were derepressed, and the corresponding enzymatic activities increased, in both catabolite repression mutants. These results and the dependence on carbon source for acetate production in the NADH-oxidase-overproducer support the conclusion that catabolite repression, rather than NADH oxidation, plays a critical role to control acetate production. Furthermore, fructose 1,6-bisphosphate influenced the in vitro phosphotransacetylase and acetate kinase activities, while the former was sensitive to diacetyl. Our study strongly supports the model that, under aerobic conditions, the homolactic fermentation in L. lactis MG1363 is maintained by CcpA-mediated repression of mixed acid fermentation.
Introduction
Lactococcus lactis is the most extensively studied of the lactic acid bacteria used for food fermentation and constitutes an attractive model to study the flexibility of carbon metabolism. Although fermentation in L. lactis subsp. cremoris MG1363 usually proceeds via glycolysis and lactate dehydrogenase (LDH) leading to a homolactic fermentation, this bacterium might form other metabolic products (Fig. 1) . The presence of oxygen is one of such conditions that leads to a mixed acid fermentation pattern (Cocaign-Bousquet et al. 1996; Jensen et al. 2001) , and it is absolutely required to exploit L. lactis for industrial processes as important as the production of the butter arorma diacetyl (Lopez de Felipe et al. 1997) or the new starter production via respiration (Pedersen et al. 2005) . However, the exact mechanism that drives this metabolic shift remains to be determined.
The shift to mixed fermentation was initially suggested to be controlled by metabolite pools. The intracellular fructose 1,6-bisphosphate (FBP) pool drops when galactose replaces glucose as carbon source, which might implicate FBP as a signal (Thomas et al. 1979 (Thomas et al. , 1980 . Indeed, several studies showed that glycolytic enzymes and LDH are subject of allosteric control, in particular in the presence of FBP (Garrigues et al. 1997) . Another type of enzymatic control was ascribed to the NADH/NAD + ratio, which was proposed as the major redox signal involved in the metabolic shift in vivo based on the extreme sensitivity of GAPDH and LDH to NAD(H) in L. lactis subsp. lactis NCDO2118 (Even et al. 1999; Garrigues et al. 1997) . Under anaerobic conditions, a high NADH/NAD + ratio obtained in glucose was associated with homolactic fermentation. This ratio was reduced in galactose as result of a lower glycolytic flux, leading to a mixed acid fermentation. In contrast, recent studies in L. lactis MG1363 indicated that glycolytic flux is not dependent on GAPDH (Solem et al. 2003) or LDH (Andersen et al. 2001) , thus leaving the role of NADH/ NAD + ratio as controlling factor of the shift, uncertain. Another mean to provoke a metabolic shift during fermentation is by varying the sugar source, leading us to ask whether catabolite repression is involved. In grampositive bacteria, the activity of the catabolite repressor CcpA depends in part on the FBP pool (Deutscher et al. 1995) . On glucose, CcpA represses galactose uptake and concomitantly activates transcription of the operon comprising the homolactic fermentation genes pfk, pyk, and ldh, encoding phosphofructokinase, pyruvate kinase, and LDH, respectively (Luesink et al. 1998 ). We recently found that expression of noxE, encoding NADH oxidase, was strongly repressed by CcpA in L. lactis MG1363 (Gaudu et al. 2003) . Under aerobic conditions, NADH-oxidase (NOX), which recycles NAD + , competes with LDH for the NADH pool. A NOX-overproducing strain shown to be useful to variate the NADH-oxidation capacity (Lopez de Felipe et al. 1998 . Neves et al. 2002a or ccpA inactivation results in a more pronounced mixed fermentation when oxygen is present, up to a level where lactate represents only a minor product of glucose degradation. This degree of mixed acid fermentation could not be achieved by the wild-type (WT) strain in aerobic batch cultures (Gaudu et al. 2003; Lopez de Felipe et al. 1997) . We suspect that repression of mixed acid fermentation by CcpA, which is still poorly described, may explain the conserved metabolic pattern observed in the wild-type strain under aerobic conditions.
To test our hypothesis, we explored the regulation of mixed fermentation in L. lactis using biochemical and genetic approaches. We focused on the acetate pathway because it concerns both the energy and redox status of the cell (Fig. 1) . Under aerobic conditions, this pathway comprises the pyruvate dehydrogenase complex (PDHc), the phosphotransacetylase (PTA), and the acetate kinase (ACK). The redox status of the NADH/NAD + couple is apparently a good candidate to control the conversion of pyruvate by the three pyruvate-converting enzymes under aerobic conditions since two of them, lactate dehydrogenase (LDH) and PDHc, were reportedly to be sensitive in vitro to the NADH/NAD + ratio (Garrigues et al. 1997; Snoep et al. 1992) . The α-acetolactate synthase (α-ALS) do not use NAD(H) as substrates, but it could be severely affected by the level of NADH oxidation as it is suggested by the high control coefficients predicted for LDH, NOX, and PDHc on the α-ALS flux (Hoefnagel et al. 2002) . Moreover the fermentation pattern is known to be modified by the nature of the carbon source. Thus, pyruvate catabolism might be influenced differently by NADHoxidation levels and catabolite repression.
In this paper, we activate the mixed acid fermentation under aerobic conditions by using a NADH-oxidaseoverproducing L. lactis strain shown to modulate the NADH-oxidation capacity of this bacterium (Lopez de Felipe et al. 1998 ) and compare its metabolic behavior in glucose and galactose. We also compare the metabolic behavior of the L. lactis MG1363 WT and its carbon catabolite repression mutant strains, ccpA and pstH1, in both sugars under aeration. We determined that CcpA, the intermediate metabolite, FBP, and diacetyl are key factors involved in regulation of the acetate pathway. In addition, our results suggest that (1) CcpA acts as key determinant for metabolite formation by selectively triggering the enzyme(s) that mainly carry out the NADH-oxidation process (LDH or both LDH plus NOX) and (2) the NADH-oxidation capacity of L. lactis does not primarily determine the shift as much as previously though, specially for acetate production.
Materials and methods

Bacterial strains and plasmids
The strain NZ9800 is a derivative of L. lactis subsp. cremoris MG1363 that allows nisin-inducible expression of genes cloned under control of the nisA promoter (Kuipers et al. 1993 amounts in L. lactis NZ9800 harboring plasmid pNZ2600. The plasmid pNZ2600 is a derivative of the shuttle vector pNZ8020 (Cm R ) containing the Streptococcus mutans nox-2 gene (which encodes for a H 2 O-forming NADH oxidase) expressed under the nisA promoter (Lopez de Felipe et al. 1998) . The NOX-overproducing strain was compared with L. lactis NZ9800 bearing pNZ8020 as control. The ccpA (Gaudu et al. 2003 ) and ptsH1 (Monedero et al. 2001) mutants, derivatives of L. lactis MG1363, were compared to L. lactis MG1363 bearing plasmid pIL252 (Em R ; Simon and Chopin 1988) as control.
Media and culture conditions L. lactis strains were routinely grown at 30°C in M17 broth (Difco Laboratories) supplemented with 13.8 mM (0.25% wt/vol) glucose or galactose. Unless otherwise indicated, cultures were grown under aerobic conditions in duplicate in 250-ml Erlenmeyer flasks containing medium (10 ml) with shaking (230 rpm). Chloramphenicol and erythromycin were used at 5 and 2.5μg ml -1 , respectively. The nisin promoter (present in the strain bearing pNZ2600 necessary for NADH-oxidase overproduction and in the control strain containing the pNZ8020 vector) was induced using freshly prepared nisin (1.25 ng ml -1 ; Sigma Aldrich), which was added to medium at the start of growth in all NZ9800 strains.
Analysis of fermentation end products and residual sugars
Organic acids (lactate and acetate) and residual sugars (galactose or glucose) were measured in filtered supernatants (0.22μm membrane pore size; Millipore) obtained from fully grown cultures, using specific kits by following the manufacturer's recommendations (Boehringer Mannheim). Acetoin, α-acetolactate, and diacetyl were measured in the same supernatants by previously described colorimetric assays . The percentages of end products relative to glucose consumed were calculated within the accuracy of the experimental data and were based on the following information: The consumption of 1 mol glucose inferred the synthesis of 2 mol of pyruvate; 1 mol of lactate or acetate was formed from 1 mol of pyruvate; 1 mol of acetoin was formed by condensation of 2 mol of pyruvate.
Enzyme activities and effects of FBP and fermentation end products on in vitro enzyme activities Enzyme activities were assayed at 30°C, except NADH oxidase, in crude extracts obtained from exponentially growing cells using a cell disruptor (Fastprep FP120. Bio101. Savant). ACK was assayed as described previously (Even et al. 2001 ) in a reaction mixture consisting of TrisHCl buffer (100 mM, pH7.2), MgCl 2 (5 mM), NADP (0.5 mM), ADP (3 mM), hexokinase (2 U), glucose-6-phosphate dehydrogenase (2 U), glucose (2 mM), and acetyl-phosphate (5 mM), which was used to initiate the reaction. PDHc was assayed as described by Garrigues et al. (1997) . The reaction mixture contained potassium phosphate buffer (50 mM, pH7.2), MgCl 2 5 mM, lipoamide dehydrogenase (0.1 mg/L), DTT (0.3 mM), iodonitritetrazolium chloride (0.6 mM), coenzyme A (0.2 mM), thiamine pyrophosphate (0.2 mM), NAD + , and pyruvate (5 mM). Phosphotransacetylase activity (PTA) was assayed as described by Even et al. (2001) in a reaction mixture containing potassium phosphate buffer (100 mM, pH7.2), acetyl-coA (0.4 mM), and ditionitrobenzoic acid (DTNB; 0.08 M). NOX was assayed spectrophotometrically at 25°C by following the consumption of NADH at 340 nm (Lopez de Felipe et al. 1997 ). Except for PTA activity for which DTNB was used, enzyme assays were based on the coupling of the enzyme activity with the consumption or production of NADH.
Fermentation products, i.e., acetate and lactate, as well as the key metabolic intermediate FBP, were assayed as effectors of ACK and PTA activities in crude extracts. Concentrations used in the assays were as follows: 420 mM for lactate, 187 mM for acetate, and a range from 0 to 50 mM for FBP. The candidate effectors were dissolved in Tris-HCl 100 mM for ACK and phosphate buffer 100 mM for PTA assays, both adjusted to pH7.2. The capacity of 2,3-butanedione (diacetyl) to inhibit ACK or PTA activities was assayed as described (Iyer and Ferry 2001) , with slight modifications. Briefly, concentrations of 2,3-butanedione (up to 10 mM) were added to cell extracts in a final volume of 200μl in 50 mM sodium borate, pH9.0 at 23°C (this buffer stabilizes the enzyme with the 2,3-butanedione; Pullan et al. 1983) . Aliquots of the mixture were removed at fixed time intervals and pipetted into specific buffers to measure ACK or PTA activities.
RNA analysis
Cultures were inoculated at OD 600 =0.025 from an overnight inoculum, and cells were harvested in exponential phase (OD 600 =0.35-0.45). Total RNA was extracted by using macaloid as previously described (Raya et al. 1998) , and Northern analysis were performed with 45µg of denatured RNA per sample. The 0.2-6 kb RNA ladder (Fermentas) was used as a molecular weight marker. PCRamplified pdhB-, PTA-, ackA1-specific probes were prepared using primers as follows: for pdhB, 5′-CTTCAAGCA AAATATGGTGAAGACCGCG-3′ (forward) and 5′-CTC TTTAGCCACGGCTGCTTGGTCAAGCGG-3′ (reverse) designed using Genbank sequence BH771004 generated a 474 bp fragment; for pta, 5′-CTTGTAACCGAGGGATAT TGTTAAAATGG-3′ (forward) and 5′-ATTTTTCATTGTC ATCACGACCGCGAACC-3′ (reverse) designed using Genbank sequence BH770858 generated a 515 bp fragment; for ackA1, 5′-CTTGCCAAAGGATTAATTGAACG GATTGGC-3′ (forward) and 5′-GTTCCATGAGCC AAATGCTTACGTACGGC-3′ (reverse) designed using Genbank sequence BH770902 generated a 460 bp fragment.
Results
Influences of carbon source and NADH oxidation on pyruvate catabolism
We previously reported that the S. mutans H 2 O-forming NOX overproduction is effective to modulate the NADH level and to provoke a profound shift from homolactic to mixed acid fermentation under aerobic conditions in L. lactis (Lopez de Felipe et al. 1998) . By comparing the metabolic pattern of the inducible NOX-overproducer strain on a typically repressive sugar and a less repressive one, we could initially evaluate the influence of the manipulation of the NADH oxidation versus catabolite repression in the metabolic shift from homolactic to mixed acid fermentation. For this purpose, properties of the NOX-overproducing strain (NZ9800, pNZ2600) were compared to those of the control strain (NZ9800, pNZ8020) under aerobic conditions in either glucose or galactose.
When grown on glucose, the L. lactis control strain displayed a homolactic fermentation with lactate as the predominant end product of glucose degradation (~80% of the consumed glucose; Table 1), with less than 10% of the pyruvate converted to acetate. When the NOX was overproduced in the L. lactis strain (NZ9800, pNZ2600), a profound shift from homolactic to mixed acid fermentation was observed under aerobic conditions (Lopez de Felipe et al. 1998) . Under these conditions, lactate production was reduced to 20% of the consumed sugar, while acetoin/ diacetyl production increased from non-detectable or low level to 65% of the consumed glucose. Curiously, acetate levels were not similarly affected despite of a 50-fold increase in NADH-oxidase activity (Table 1) .
When glucose was replaced by galactose, a mixed acid fermentation was also observed; however, the end-product pattern differed notably from that observed when NOX was overproduced on glucose (Table 1 ). The major effect of galactose in the end-product formation of the NOX overproducer was seen on acetate production, which represented 44% of the fermented glucose in contrast with the 15% observed on glucose. Another remarkable observation was that the control strain, in spite of its much lower NOX activity (see Table 1 ), produced twofold more acetate on galactose than that formed by the NOX-overproducing strain grown on glucose. These results seem to indicate that the manipulation on the capacity to oxidize NADH is not the determining feature to control acetate synthesis.
To determine if the end-product patterns were correlated with a modification of enzymatic activities, we attempted to measure PDHc, PTA, and ACK activities in the control and NOX-overproducing strains grown in glucose or galactose (Table 1) . Unfortunately, we failed to measure PDHc activities in crude extracts, probably because of low pdh gene expression or enzyme instability. PTA and ACK, the other enzymes comprising the acetate pathway, do not use pyridine nucleotides as substrates; however, their specific activities were increased by NOX overproduction. A similar, but more modest stimulation by NOX overproduction of PTA and ACK activities, was seen on galactose.
Regulation of acetate pathway by HPr and CcpA
The observation that acetate production was much higher on galactose than on glucose in the control, as well as in the Saier et al. 1996) . Thus, if CcpA alone or coupled to HPr is involved in the regulation of the acetate pathway under aerobic conditions, inactivation of ccpA or ptsH encoding HPr should increase enzyme activities of this pathway on glucose and consequently stimulate mixed acid fermentation (Table 2 ). In agreement with this hypothesis, both PTA and ACK activities were increased about twofold in ccpA, regardless of the carbon source, compared to those detected in the WT strain grown on glucose. The variation observed in the specific activities was in the same range of that obtained for LDH in a previously reported ccpA mutant of L. lactis (Luesink et al. 1998 ). Compared to glucose, growth of the WT strain on galactose led to a slight increase of PTA, whereas the same effect was not observed for ACK activity. Overall, these experiments show that CcpA appears to have a major role in controlling these enzymes involved in the acetate pathway and that this effect is broader than that produced by the growth on galactose (Table 2) . To further characterize the mechanism of catabolite repression on the acetate aerobic pathway, we also tested the PTA and ACK activites in a pstH mutant (pstH1), in which serine at position 46 of HPr is replaced with an alanine. This substitution abolished the catabolite repression by glucose (Monedero et al. 2001) . As expected, the pstH1 mutation led to an increase of PTA and ACK activities on glucose and increased acetate production by a factor of two, compared to glucose-grown WT cells (Table 2) . Curiously, some specific properties concerning the shift to mixed acid fermentation could be associated with HPr. Thus, while ccpA inactivation was required to increase the NOX activity on glucose, which is mainly carried by NoxE and for acetoin-diacetyl production, as previously reported (Gaudu et al. 2003) , glucose still repressed the NOX activity in the pstH1 mutant. Furthermore, despite of the low NOX activity observed in the pstH1 mutant, the acetate pathway was activated on glucose, as evidenced by the high amounts of acetate produced (Table 2 ).
Transcriptional analysis of acetate pathway
To confirm the role of CcpA and HPr in regulation of the acetate pathway under aerobic conditions, the transcription of the pdhB, pta, and ackA1 genes, encoding one subunit of PDHc, PTA, and one subunit of ACK, respectively, were examined in more detail. Total RNA was independently hybridized with pdhB, pta, and ackA1 probes on the same membrane. Analysis of Northern blotting experiments in the WT strain revealed the presence of faint RNA bands of 1 kb, as expected for pta and ackA1 mRNA (Fig. 2) . In contrast, we failed to obtain a reproducible signal for pdh mRNA using the pdhB probe. Compared to the control profile, inactivation of ccpA increased slightly transcriptional expression of both pta and ackA1, whereas the pstH1 mutation had a weaker effect on gene expression. Interestingly, some deregulation of pta and ackA1 expression was also observed in the NOX-overproducer strain, despite the presence of intact CcpA or HPr, which is in agreement with the increase in the specific activities of PTA and ACK (Table 2) . These results fit well with the above in vitro measurements of enzyme activities. Values are the average of at least two measurements performed with independent extracts obtained exponential phase cells. Standard deviations were less than 25% for Pta and 14% for Nox, Ldh, and Ack nd not detected, R. sugar residual sugar a MG1363 or MG1363 containing pIL252 (erythromycin marker) were used as control for ccpA and for pstH1 mutants, respectively. No significant differences of measurements were observed between WT cultured with and without antibiotics b Values in parentheses are percentages of each end product relative to glucose consumed and calculated within the accuracy of the experimental data. Specific activities are expressed in micromoles of transformed substrate per minute per milligram
Regulation of PTA and ACK activities by FBP FBP has been evoked as a key regulatory factor of glycolysis in L. lactis, mainly as an allosteric regulator of enzyme activities (Cocaign-Bousquet et al. 1996) . We examined ACK and PTA activities in vitro and the effects of adding FBP at concentrations ranging from 0 to 50 mM (the latter is the highest reported in vivo concentration found at maximal rates of glucose consumption in recent studies of L. lactis metabolism; Neves et al. 2002a, b) . Our results show that increasing FBP concentrations caused a clear inhibition of both ACK and PTA activities in vitro, with a more pronounced effect on ACK ( Fig. 3a and b) . At 50 mM, the reported FBP intracellular concentration found during homolactic fermentation in resting cells (Neves et al. 2002b) , residual ACK activity was only 10% and PTA activity was 40% in the absence of FBP. At 30 mM, the FBP concentration found in NOX-overproducing strains (Neves et al. 2002a) , the residual activities were 50% for PTA and 10% for ACK.
Diacetyl as a putative inhibitor of acetate pathway in vivo
We tested the possible effects of the main fermentation end products on PTA and ACK activities. Lactate and acetate, the most abundant organic acids found under aerobic conditions after fermentation, were tested at concentrations that were previously found to provoke a 50% growth inhibition in L. lactis . Although the tested concentrations were higher than the final lactate or acetate concentrations in our cultures, none of these acids provoked any effect on ACK or PTA activities. In contrast, diacetyl (2,3-butanedione) inactivated PTA in vitro (Fig. 4) .
Discussion
The results of this study reveal a key role of catabolite control, via CcpA and HPr, in regulating the shift from homolactic to mixed acid fermentation observed under aerobic conditions in L. lactis MG1363. We were able to dissociate the effects on end-product formation caused by variations in the NADH-oxidation capacity from those of catabolic repression and demonstrate that (1) NOX activity is an important determinant to control the lactate production (LDH competes with NOX for NADH; (Gaudu et al. 2003; Lopez de Felipe et al. 1997 ) and for neutral compounds formation (acetoin/diacetyl; Hoefnagel et al. 2002) but not so for acetate production and (2) the acetate pathway is derepressed in a ccpA mutant, where NOX activity is high, but also in the pstH1 mutant, where NOX activity is repressed. Significantly, this latter result allows us to differentiate between NOX versus CcpA effects on the acetate branch. Therefore, our results lead us to conclude that acetate production is mainly regulated at the transcriptional level by catabolite repression. The manipulation of the NADH-oxidation capacity did play a minor role on Time (min) % PTA activity Fig. 4 Kinetics of inhibition of PTA by diacetyl. PTA activity was measured in the presence of diacetyl at different concentrations: white diamonds control, black squares 0.5 mM, white triangles 1.5 mM, black diamonds 2.5 mM, white squares 5 mM, black triangles, 10 mM. Values, including standard deviations, are the average of at least two independent determinations performed with crude extracts obtained from exponential phase cells Fig. 2 Transcriptional regulation of pta and ackA1 by catabolite respression and NOX overproduction. Total RNA was extracted from log phase cells cultured under aerobic conditions. Northern blot analyses were performed using internal pta and ackA1 fragments as probes as described in "Materials and methods" and are representative of two independent experiments acetate production, contrary to what it would be expected from the kinetic characteristics of PDHc (high sensitivity to NADH and a competitive K m of 1 mM for pyruvate; Snoep et al. 1992) ). The factor(s) leading to this low capacity of the acetate branch in the NOX overproducer on glucose is currently under investigation. In vitro results showed that FBP inhibited ACK and PTA activities (with a more marked effect on ACK) and diacetyl inactivated PTA. This suggests for a direct role of these metabolites in controlling the switch to mixed fermentation, in addition to those of CcpA and HPr.
CcpA and HPr: master role of catabolite repression
Our results show that CcpA and HPr are regulatory factors of the acetate pathway, which is in agreement with a recent transcriptomic analysis in a L. lactis MG1363 ccpA mutant (Zomer et al. 2007 ). These authors found significant alterations in the pdh and ack gene expression in the ccpA mutant, but apparently it was not so for the pta gene. Furthermore, in contrast to ack gene, a clear CcpA binding site around the pdh or pta gene promoters could not be identified, which would suggest for an indirect effect of CcpA on these genes. Curiously, we found that the pstH1 and ccpA mutants exerted different effects on the control of mixed fermentation. Thus, NADH oxidase (mainly NoxE; Gaudu et al. 2003) , key enzyme to deviate the flux away from lactate production, was found at low level in the pstH1 background, while it was overproduced in the ccpA mutant. This suggested that CcpA could regulate the NOX activity independently of the HPr co-factor. Despite that, the acetate production was increased in both mutants, thus allowing us to diminish the role of NADH oxidation in triggering the mixed acid fermentation. Another striking observation was that acetoin and diacetyl production via α-ALS was lower in the pstH1 mutant than in parental strain, independently of the sugar used for growth. This difference in phenotypes could be also due to the fact that HPr may function independently of CcpA in carbon metabolism, as previously reported (Charrier et al. 1997 ).
Direct and indirect effects of metabolites
Based on the results presented here, it is tempting to propose that FBP participates in controlling the metabolic shift, as previously suggested for other L. lactis strain (van Niel et al. 2004) . Indeed, we found that FBP concentrations typically found during homolactic fermentation (~20 mM during growth; Ramos et al. 2004 ) inhibited PTA and especially ACK activities. This inhibition may contribute to the observed homolactic behavior on glucose. FBP pools are lower during mixed acid fermentation than in homolactic fermentation (Thomas et al. 1979 (Thomas et al. , 1980 Thompson and Torchia 1984) . As such, enzymes subjected to FBP inhibition (PTA and ACK) might regain activity. Studies are underway to test if this is indeed important for the glycolytic flux and the flux distribution at the pyruvate branch point under aerobic conditions. While extrapolation of in vitro effects to the in vivo situation should be made cautiously, we suggest that in L. lactis, FBP pools could be an important effector of the metabolic shift, by reducing PTA and ACK activities in vivo, in addition to its role as activator of CcpA (Deutscher et al. 1995) . It has been shown that the intracellular concentration of FBP in cells of the NOX-overproducer strain used here is about half of that found in the control strain (Neves et al. 2002a ). As FBP is the main effector of CcpA, the observed differences in FBP concentration would explain that though active, the catabolite control would act less efficiently in the NOX overproducer than in control strain. This mechanism should explain the expression of pta and ackA1 genes in the NOX-overproducing strain.
Unlike lactate or acetate, we identified the diacetyl as a second strong inhibitor of PTA. It is likely that diacetyl acts by modifying essential arginine residues in PTA, as reported in Methanosarcina thermophila (Iyer and Ferry 2001) . Diacetyl accumulation to mM concentrations in a NOX-overproducer L. lactis strain (Neves et al. 2002a) could limit acetate production and thereby contribute to reroute the pyruvate pool to acetoin-diacetyl instead of acetate. Note that diacetyl was generally considered to be an antimicrobial agent because of the presence of its two carbonyl moieties in the molecule (Jay 1982) .
In summary, we have shown that the shift from homolactic to mixed acid fermentation under aerobic conditions in L. lactis MG1363 is an event mainly under catabolite control and that the NADH-oxidation capacity does not influence the shift as much as previously though.
